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Abstract
The broad energy range spanned by ASTRO-H instruments, from ∼ 0.3 to 600 keV, with its high spectral
resolution calorimeter and sensitive hard X-ray imaging, offers unique opportunities to study black holes
and their environments. The ability to measure polarization is particularly novel, with potential sources
including blazars, Galactic pulsars and X-ray binaries. In this White Paper, we present an overview of
the synergistic instrumental capabilities and the improvements over prior missions. We also show how
ASTRO-H fits into the multi-wavelength landscape. We present in more detail examples and simulations of
key science ASTRO-H can achieve in a typical 100 ksec observation when data from all four instruments
are combined. Specifically, we consider observations of black-hole source (Cyg X-1 and GRS 1915+105),
blazars (Mrk 421 and Mrk 501), a quasar (3C 273), radio galaxies (Centaurus A and 3C 120), and active
galaxies with a strong starburst (Circinus and NGC 4945). We will also address possible new discoveries
expected from ASTRO-H.
1Also at University of Southampton
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1 Introduction
Any comprehensive insight into the nature of astrophysical sources of high-energy radiation and particles re-
quires a multi-wavelength approach. That is because the high-temperature and non-thermal particles energized
in extreme astrophysical environments emit over an extremely broad range of the electromagnetic spectrum,
from the low-frequency radio domain up to high and very high energy γ-rays. Hence, high quality, multi-
wavelength data is required to access the source energetics and content, and to identify robustly the dominant
particle acceleration and radiative processes involved. Many of these sources are highly variable, so these data
need to be simultaneous, and repeated so as to sample different source activity levels. Only recently such a task
has become feasible, due to the development of modern ground-based and space-borne instruments, ranging
from high-resolution radio interferometers (EVLA, ALMA, soon SKA) up to sensitive γ-ray satellites (AGILE,
Fermi-LAT) and Cherenkov Telescopes (H.E.S.S., MAGIC, VERITAS, soon also CTA). The general scope of
this white paper is to discuss the X-ray domain as seen by ASTRO-H in this multiwavelength context. We argue
in particular that the operation of the Hard X-ray Imager (HXI) and the Soft Gamma-ray Detector (SGD), in
synergy and not in conflict with the operation of the Soft X-ray Spectrometer System (SXS), assures the sensi-
tivity, energy resolution, and spectral coverage necessary for achieving a quantitative progress in the field (see
also Takahashi et al., 2013).
One of the most pressing open problems in high-energy astrophysics which can be resolved, at least partly,
by future ASTRO-H observations, is the exact coupling between the accretion processes fueling supermassive
black holes (SMBHs) in active galactic nuclei (AGN), and their jet activity. While it is now widely accepted
that extremely luminous, relativistic jets associated with some AGN are formed via an efficient extraction of
the energy and angular momentum from the SMBH/accretion disk system (Begelman et al., 1984), several
crucial aspects of jet formation process are still under debate, including the exact relation between disk state
transitions and jet production efficiency, and the role of any external circum-nuclear medium in jet collimation.
As discussed in § 3 below, the data gathered with ASTRO-H can provide valuable and novel input on these
subjects, robustly disentangling the AGN jet, accretion disk, and disk wind radiative signatures in several targets
via detailed spectroscopy and timing analysis, augmented by multi-wavelength correlation studies involving
simultaneous radio and γ-ray observations. Analogous studies have been successfully conducted in the past for
Galactic jet sources associated with X-ray binaries, but only rarely for AGN, mostly due to the fact that jetted
(‘radio-loud’) AGN are much dimmer in X-rays than nearby XRBs. Thus, only with the new-generation X-
ray telescopes such as ASTRO-H can the jet-accretion disk coupling in active galaxies be analyzed extensively
enough to reach robust conclusions.
The other relevant topic calling for in-depth observational studies with ASTRO-H is the interplay between
the SMBH activity and the nuclear starburst activity in evolving galaxies. There is general consensus that there
is a strong connection between these processes, and that this link is crucial for understanding galaxy formation
processes in general (see, e.g., Kormendy & Ho, 2013). However, previous investigations of the problem were
hampered by the fact that available X-ray data with limited energy resolution and spectral coverage did not
allow for a robust partition between the AGN and the starburst emission components in the observed spectra.
As discussed in § 4, broad-band X-ray spectroscopy of even particularly complex and therefore particularly
interesting systems simultaneously with SXS, HXI, and SGD, will enable address this issue properly.
The AGN-starburst connection and the jet-disk coupling in active galaxies are not the only topics of interest in
the context of ‘broad-band’ studies with ASTRO-H, and in § 5 we briefly mention some other selected problems,
focusing there on the potential of hard X-ray instruments HXI and SGD operating jointly in the 5 − 600 keV
range. The hard X-ray/soft γ-ray astronomy is the field for making new discoveries indeed, simply because this
electromagnetic window is the least studied one so far, due to severe instrumental limitations and challenges.
The joint HXI and SGD observations are therefore very relevant for constraining poorly known properties of
various types of astrophysical systems which release bulk of their radiative output around MeV photon energies,
including γ-ray detected novae, high-z blazars, or tidal disruption events. However, the particularly exciting
and unique hallmark of ASTRO-H is the potential for the hard X-ray polarimetry with the SGD. This issue is
discussed first in § 2 below.
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Figure 1: Schematic drawing of a single Compton camera unit of the SGD. The left panel shows a side view and the right panel presents
the top view. The system measures two interactions (normally, Compton scattering and photo-absorption) and determines geometrical
information on the scattering, namely the scattering angle θ and the azimuth angle φ.
2 X-ray Polarimetry of Astrophysical Sources
In addition to imaging, spectroscopy, and timing measurements, polarimetry in the X-ray and γ-ray bands
is a new promising probe of high-energy phenomena in the Universe. In general, polarimetry provides us
with crucial information about the radiation mechanisms involved, as well as the structure and content of the
emitting regions. That is especially true in the X-ray domain, since polarization signatures in this range may
arise from vastly different processes, including bremsstrahlung emission from anisotropic electron distribution,
synchrotron emission in ordered magnetic fields, anisotropic Compton scattering, inverse-Comptonization of a
polarized photon field, or finally, photon propagation through a highly magnetized plasma (B ≥ 1012 G). Hence,
substantially polarized X-ray emission may in principle be expected in a variety of astrophysical systems such
as stellar flares, pulsars, pulsar nebulae, magnetars, accreting white dwarfs, supernova remnants, black hole
accretion disks and coronae, jetted AGN, microquasars, or gamma-ray bursts (see Lei et al., 1997; Blandford
et al., 2002; Bellazzini et al., 2010; Krawczynski et al., 2011, and also the “Pulsars & Magnetars” ASTRO-H
White Paper).
The problem is, however, that X-ray polarization measurements are much more challenging compared with
those at other wavelengths such as optical, infrared, or radio bands. The only satellite instruments with signifi-
cant polarization capability were OSO-8, launched in 1975. which detected the Crab nebula (Weisskopf et al.,
1976), and provided upper limits for several other X-ray bright Galactic sources at 2.6 and 5.2 keV, and INTE-
GRAL SPI and IBIS ((20 keV–1 MeV) which detected the Crab pulsar and nebulae (Dean et al., 2008; Forot et
al., 2008), the gamma-ray burst GRB 041219 (McGlynn et al., 2007; Go¨tz et al., 2009), and (marginally) the
microquasar Cygnus X-1 (Laurent et al., 2011; Jourdain et al., 2012). However, these measurements suffer from
large uncertainties due to low photon statistics and high in-orbit background. Similar issues apply to current
balloon-borne X-ray polarimeters including PoGoLite (2–100 keV; Pearce et al., 2012), X-Calibur (20–80 keV;
Beilicke et al., 2012), POLAR (50–500 keV; Orsi et al., 2011), and GRAPE (50–500 keV; Bloser et al., 2009).
Nevertheless, the importance of polarimetry is recognised by the multiple proposals for new small satellite
missions, such as POET (2–500 keV; Hill et al., 2008), GEMS (2–10 keV; Black et al., 2010), POLARIX (2–
10 keV; Costa et al., 2010), or XIPE (2–10 keV; Soffitta et al., 2013), with SPHiNX (50–500 keV) and PolariS
(2–80 keV) being selected for further study.
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Figure 2: Left: the experimental setup of the polarization measurement at SPring-8. Synchrotron beam photons (250 keV) are scattered
by an aluminum block and then collimated before incidence to the Compton camera. The camera system can be rotated upon the incident
direction so that systematic uncertainties due to roll angle can be evaluated. Right: the obtained distribution of the azimuth angle after
the response correction.
2.1 X-ray Polarimetry with SGD
The SGD is designed not only for spectroscopy but also for high-precision polarimetry by measuring Compton
scattering in the detector system (Tajima et al., 2010a,b; Watanabe et al., 2012, 2014). Moreover, this instrument
will be the first hard X-ray/soft γ-ray polarimeter in orbit that has moderate collection area and low instrumental
background. For this reason, the SGD will improve the sensitivity and precision of polarization measurements
even in a relatively short exposure time.1 The SGD covers the energy range from about 50 keV up to 600 keV.
The sensitivity peak is at 80–100 keV, depending on the signal brightness.
The polarization measurement by the SGD utilizes the anisotropy of the scattering direction of Compton
scattering. As shown in Figure 1, the instrument determines the scattering process of an incident photon in the
sensitive detectors by measuring the deposited energies and positions of the interactions. The differential cross
section of Compton scattering is given by the Klein-Nishina formula,
dσ
dΩ
=
re2
2
(
E′
E
) (
E
E′
+
E′
E
− 2 sin2θ cos2χ
)
, (1)
where re denotes the classical electron radius, θ and χ denote the scattering angle and the azimuth angle of
scattering measured from the polarization angle, respectively, while E and E′ are energies before and after the
scattering:
E′ =
E
1 +
E
mec2
(1 − cos θ)
. (2)
These formulae show that the azimuthal angle of Compton scattering has sinusoidal distribution, peaking at
±90◦ to the polarization plane.
Takeda et al. (2010) demonstrated the capability of the SGD for high-precision polarimetry with a prototype
model in the synchrotron photon beam at SPring-8, Japan. The left panel of Figure 2 shows the experimental
setup, where the Compton camera measures the collimated 170 keV photons which are scattered by an alu-
minum block and have polarization fraction of 92.6%. To extract polarization information, the azimuthal angle
distribution has to be corrected for the detector response, including both the detection efficiency and shielding
by passive material. Monte Carlo simulations are used to quantify the effect of the complicated structure of the
Compton camera system. The obtained distribution of azimuthal angle after the response correction, shown in
1Conventional instruments that use the principle of Compton polarimetry require longer exposure and nontrivial treatment of eval-
uating systematic uncertainties.
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Figure 3: Mass model of the SGD for Monte Carlo simulations. Left: the whole SGD unit. Right: zoom up about one of the Compton
cameras. In the right panel, photon trajectories are drawn as green lines and interactions are drawn in yellow.
the right panel of Figure 2. This gives a polarization fraction of 91 ± 1% and polarization angle of 0.2◦ ± 0.4◦,
consistent with the input with small uncertainties.2
We have developed an SGD simulator using the Geant4 toolkit. This evaluates the detector response and
estimates in-orbit background, so it can be used for optimizing observatory operations as well as data analysis
(Odaka et al., 2010; Ozaki et al., 2012). Figure 3 shows the mass model of the SGD for the Monte Carlo
simulations. This describes the geometry and material of the sensitive detectors and the surrounding passive
structures. Physical processes taking place in the instrument are accurately tracked by the simulator, which
also takes account of charge transport in semiconductor sensors, signal readout electronics and data acquisition
system in order to reproduce the detector response. We use this simulator to assess the polarisation signal
which can be detected against the background, including the additional polarised light produced from scattering
within the detector and its housing. However, there are still systematic uncertainties due to uncertainties in
the mass model and background. It is important to investigate these using both the simulations and on-ground
calibration measurements. Further systematic uncertainties can be reduced by performing multiple observations
with different roll angle of the spacecraft.
2.2 Crab Pulsar and Nebula
The Crab pulsar and nebula, as the X-ray and γ-ray brightest source in sky, is the most feasible target for
the polarimetry with the SGD. Importantly, the pulsar and nebular emission components can be decomposed
despite the pulsar being only ∼ 10% of the nebula flux as they have different spectral, timing and polarisation
behaviour. These two components have different origins: the pulsar emits via curvature radiation in the pulsar
magnetosphere while the pulsar wind nebula is dominated by the synchrotron radiation. The SGD has sufficient
timing resolution (< 1 ms) to resolve the behaviour on the pulsar spin period of 33 ms.
We conducted simulations to evaluate the technical feasibility of the SGD polarimetry. First, we show simu-
lation results for the two SGD units for a 100 ks observation of the Crab nebula in Figure 4. The input spectrum
is assumed to be a power law, F(E) = K × E−Γ, with the normalization K = 11.6 photons s−1 cm−2 at 1 keV,
and the photon index Γ = 2.1. Assuming a polarization fraction of 50%, we expect clear detection of the po-
larization from a 1 Crab source. The fitted values are 48 ± 1% for the polarization fraction and 0.1◦ ± 0.5◦ for
2All the errors in this section are presented in 1σ values.
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Figure 4: Simulated polarimetry results of 100 ks observation of Crab in energy bands of 60–100 keV (left) and 180–330 keV (right).
Both assume flux of 1 Crab, photon index of 2.1, and polarization fraction of 50%. These azimuth angle distribution are corrected by
the detector response for unpolarized radiation.
the polarization angle in the energy range of 60–100 keV. At the higher band between 180 keV and 330 keV,
photon statistics becomes limited due to decreasing detection efficiency, but the result still reveals a significant
detection; the fitted values are 48 ± 3% for the polarization fraction and 2.7◦ ± 1.6◦ for the polarization angle.
These agree well with the assumed values for the simulation (50% polarization and 0◦ angle). Moreover, the
statistical uncertainty will be much smaller than observational uncertainties of currently reported measurements
by INTEGRAL (Dean et al., 2008; Forot et al., 2008; Moran et al., 2013), though we need to be careful about
systematic errors. On the other hand, in the case of Crab the polarization information in the non-peak phase
can be used as a background in order to reduce the background systematics; as a result, the sensitivity to the
Crab pulsar polarization can be better than for other sources with comparable brightness.
Moran et al. (2013) studied the linear polarization of the Crab Nebula and pulsar in both the optical (HST/ACS)
and in the γ-rays (INTEGRAL/IBIS). For both wavelengths, they found evidence of an alignment between the
polarization position angle of the pulsar and its rotation axis. They confirmed that the synchrotron knot (Hester
et al., 1995) located 0.65” SE of the pulsar is responsible for the highly polarized off-pulse emission seen in
both the optical (Smith et al., 1988; Słowikowska et al., 2009) and γ-rays (Forot et al., 2008). Hence, fur-
ther multi-wavelength studies of this astrophysical system with ASTRO-H would enable a more precise check
for any correlations between the two energy ranges. This could show whether the polarization of the system is
linked to the highly variable flux from the nebula seen in the 100–300 MeV range by the Fermi and AGILE tele-
scopes (Tavani et al., 2011; Striani et al., 2011; Mayer et al., 2013, and references therein) — the so-called γ-ray
flares. Such monitoring could be achieved through simultaneous/joint observations using optical polarimeters
such as the Galway Astronomical Stokes Polarimeter (GASP; Collins et al., 2013). These multi-wavelength
studies will benefit from the good ASTRO-H timing capabilities, and will be nicely complemented by high time
resolution optical polarimeters. This will enable detailed phase-resolved spectro-polarimetry analysis.
2.3 Microquasars
Jetted black hole XRBs, or ‘microquasars’, are the other promising targets for the X-ray polarimetry with
the SGD, since the reflection at the accretion disk, thermal Comptonization in a hot disk corona, and also
synchrotron emission of the jet electrons, can all lead to distinct polarization signatures in the hard X-ray/soft
γ-ray bands. Hence, energy dependent polarization measurements (‘spectropolarimetry’) of such systems is in
principle capable of constraining the geometry of their accretion flows, and the magnetic structure of their jets.
A marginal detection of soft X-ray polarization from Cygnus X-1 was reported by Long et al. (1980) with
the position angle of 162◦ ± 13◦ at 2.6 keV. Assuming the disk origin of the soft X-ray polarization signal,
and adopting a simplified model for such (with no relativistic effect taken into account), the position angle
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Figure 5: Left: Cygnus X-1 model spectrum (top panel) and the expected polarization fraction (bottom panel). In the top panel the
low energy and high energy components are shown by blue and red curves, respectively. In the bottom panel the MDP99 is also plotted.
Right: The same as the left panel but for GRS 1915+105.
of the polarization is expected to be parallel or perpendicular to the disk major axis depending on the disk
state (Lightman & Shapiro, 1976); the value given by Long et al. (1980) is actually consistent with the jet
position angle measured in the radio band (about −21◦ to −24◦; Stirling et al., 2001). More recently, Laurent et
al. (2011) observed Cygnus X-1 with INTEGRAL IBIS and resolved two emission components in the 20 keV–
2 MeV range. They reported that a second (high-energy) component exhibits a polarization above 400 keV with
a polarization fraction of 67% ± 33%. Jourdain et al. (2012) utilized the INTEGRAL SPI and reinforced the
finding by Laurent et al. (2011). They reported a polarization signal above 230 keV with a mean polarization
fraction of 76% ± 15% and at a position angle of 42◦ ± 3◦. Note that, as described in Jourdain et al. (2012),
the correct position angle measured by Laurent et al. (2011) is not 140◦ but in fact 180◦ − 140◦ = 40◦. All
in all, the INTEGRAL spectropolarimetry suggests that the hard component, which dominates the flux above
100 keV, is due to the jet synchrotron emission. However, the surprisingly high polarization fraction and the
apparent deviation of the position angle from the jet orientation (by about 65◦), make the interpretation quite
problematic (see the discussion in Zdziarski et al., 2014). An independent and precise spectropolarimetry is
necessary to deepen our understanding of high-energy emission from this important source, and the ASTRO-H
SGD is an ideal instrument for this purpose.
In order to evaluate the SGD sensitivity for polarization measurements, we first modeled the Cygnus X-1 γ-
ray spectrum based on Jourdain et al. (2012). We represented their low-energy component (presumably Comp-
tonization, expected to show little or no polarization) and a high-energy component (presumably highly polar-
ized jet synchrotron emission) with F(E)soft = 1.3 × (E/keV)−1.6 × exp[−(E/160 keV)1.4] ph s−1 cm−2 keV−1
and F(E)hard = 0.3× (E/keV)−1.6 × exp[−(E/700 keV)] ph s−1 cm−2 keV−1, respectively. We then evaluated the
polarization sensitivity across four energy bands in the 60-600 keV range. The minimum detectable polarization
at the 99% confidence level was calculated as
MDP99 =
4.29
M × RS
√
RS + RB
T
, (3)
where M is the modulation factor of the instrument, T is the observation time, and RS and RB are the source
and the background count rates, respectively (Weisskopf et al., 2009). Based on the high polarization fraction
reported by INTEGRAL IBIS/SPI, we assumed that the polarization fraction is 70% for the high energy (jet)
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component. The results of the calculation for 100 ks exposure are summarized in Figure 5 (left panel), indi-
cating that such an observation with the SGD is able to derive interesting constraints on the energy-dependent
polarization measurements of Cygnus X-1 in the 60–600 keV range.
GRS 1915+105 is another promising target for the hard X-ray/soft γ-ray polarimetry with the SGD. This
source is known for superluminal jet ejections with bulk velocities of the outflowing matter exceeding 90% of
the light speed (Mirabel & Rodrı´guez, 1994). Rodriguez et al. (2008) monitored the source with the INTEGRAL
IBIS, RXTE, and the Ryle Telescope for two years, and observed a possible correlation of the radio flux and that
of the hard power-law component, indicating the emission from the jet in hard X-rays. Droulans & Jourdain
(2009) observed the source with the INTEGRAL SPI and performed a spectral analysis in soft γ-rays. They
classified the data into two, the soft sample and the hard sample, and found that in both samples the spectrum
is represented by a thermal Comptonization component and a high-energy power-law component. We approxi-
mate their hard sample spectrum with F(E)soft = 4.4 × (E/keV)−2.1 × exp[−(E/60 keV)1.4] ph s−1 cm−2 keV−1
plus F(E)hard = 0.33 × (E/keV)−2.0 ph s−1 cm−2 keV−1, and evaluated the polarization measurement feasibility
as we did for Cygnus X-1. The results are summarized in Figure 5 (right panel), in which we assumed the
polarization fraction of the hard (jet) component at the maximum level of 70%. As shown, the SGD is able to
detect polarization up to 300 keV. Even if the polarization fraction is smaller (30% in the hard component), we
can still detect polarization up to 180 keV. We therefore are able to robustly establish (or strongly constrain) the
jet emission in hard X-ray/soft γ-rays in GRS 1915+105 for the first time.
2.4 Blazars
Jetted AGN observed at small angle to the line of sight are classified as blazars. Blazars can be divided further
into Flat Spectrum Radio Quasars (FSRQs) and BL Lacertae Objects (BL Lacs) based on the emission line
diagnostics and other characteristics of their broad-band spectra (Urry & Padovani, 1995). X-ray continua
of some BL Lacs (and in particular of ‘high frequency-peaked BL Lacs’, hereafter HBLs) are dominated by
the synchrotron emission of the highest-energy jet electrons, and hence a strong X-ray polarization may be
expected in such sources up to the maximum level of 70% (e.g., Pacholczyk & Swihart, 1967).
Polarization of blazar synchrotron emission is now routinely detected at radio and optical frequencies, with
the polarization degree and position angle depending on frequency and the activity level of a source; a variety of
particularly interesting phenomena have recently been discovered at optical frequencies, consisting of promi-
nent position angle swings (by ≥ 180 deg) and polarization degree changes (from 0% up to > 40%) apparently
related to the overall source state (as evidenced by coinciding γ-ray flares, or ejections of superluminal radio
components; see Marscher et al., 2008; Abdo et al., 2010b, and references therein). These new observations
allowed for a novel insight into the internal structure and magnetic field topology of AGN jets, which are among
the most widely debated open questions in the high-energy astrophysics.
The additional spectropolarimetry of bright blazar sources at X-ray frequencies will allow to constrain further
the physics of relativistic jets in active galaxies. The problem is, however, that HBLs are relatively low-power
and in addition distant objects, which are therefore much dimmer in X-rays (in their typical quiescence states)
than Galactic XRBs or nearby radio-quiet AGN of the Seyfert class. In addition, the quiescence synchrotron
continua of the brightest objects of this type, such as Mrk 421 and Mrk 501, display a prominent curvature at
X-ray energies, with the differential energy flux decreasing rapidly with the increasing photon energy. Still, the
SGD can detected at least some HBLs during their flaring states, such as the April 1997 outburst of Mrk 501
during which the flat-spectrum synchrotron component extended up to ≥ 100 keV photon energies, with the
persistent (over several days) flux of about ∼ 100 mCrab (Pian et al., 1998, see Figure 6, left panel). Such
flares, although rare, are not unusual, and much can be learned from those. For example, the 2006 flare of HBL
PKS 2155–304 witnessed at very-high energy γ-rays by the H.E.S.S. telescope (Aharonian et al., 2007) has
ignited a vigorous discussion in the community on the location of the dominant γ-ray emission site in blazar
sources, and on the role of magnetic reconnection in accelerating jet particles (electrons) up to >TeV energies.
We have simulated the performance of SGD during the Mrk 501 flare resembling the historical 97’ outburst
(in a similar manner as described in § 2.2). We have assumed a power-law spectrum with the energy flux density
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Figure 6: Left: Spectral energy distribution of the X-ray brightest HBLs, Mrk 421 and Mrk 501, during their quiescence (red triangles
and black circles, from Abdo et al., 2011b,a, respectively), compared with the April 1997 flare of Mrk 501 (black bow-tie; from Pian
et al., 1998). Right: Simulated polarimetry results of 100 ks SGD observation of Mrk 501 during the ’97 outburst (energy band:
60–100 keV), assuming the energy flux density of F13−200 keV = 15.9 × 10−10 erg cm−2 s−1, the photon index Γ = 1.84, and the 30%
polarization degree.
of F13−200 keV = 15.9 × 10−10 erg cm−2 s−1 and the photon index Γ = 1.84; the degree of polarization was
taken conservatively as 30%. The azimuth angle distribution obtained in the simulation is shown in Figure 6
(right panel). In spite of the relatively conservative value for the polarization fraction, the simulation result
shows clear modulation curve, yielding the polarization fraction of 35.1 ± 3.7%, and the polarization angle
of −0.4◦ ± 2.9◦. Thus hard X-ray polarimetry of blazars of the BL Lac types with SGD is therefore feasible,
although restricted to the brightest outbursts. ToO observations of a flaring blazar should be therefore triggered
by all-sky monitoring X-ray and γ-ray instruments (Swift-XRT and BAT, MAXI, Fermi-LAT and GBM), and
joint with simultaneous radio and optical spectropolarimetry, in order to maximize the detection significance
and the scientific gain.
Unlike in the case of low-power HBLs, the X-ray continua of luminous FSRQ are dominated by the inverse-
Compton emission of the lowest-energy jet electrons (see Sikora et al., 2009). Importantly, this inverse-
Compton emission can also be polarized at some level, with the polarization degree depending on polarization
properties of soft target photons (jet synchrotron radiation, emission of the accretion disk and circumnuclear
gas/dust external to the jet), on the scattering regime (Thomson vs. Klein-Nishina), and finally on the geometry
of the emitting region and the jet bulk velocity (see Bonometto & Saggion, 1973; Begelman & Sikora, 1987;
Celotti & Matt, 1994; Poutanen, 1994; McNamara et al., 2009; Krawczynski, 2012; Zhang & Boettcher, 2013).
Model predictions are here still uncertain to some extent, but the emerging agreement is that the synchrotron
self-Compton emission of blazar sources may be polarized up to even 40%. Interestingly, the X-ray continua of
several bright FSRQs are expected to be dominated by the SSC emission. Hence, the SGD observations of such
objects may in principle provide interesting constraints on the blazar emission models as well. The same is true
also in the case of radio galaxies, which are believed to constitute the parent population of blazars, although the
origin of the X-ray emission of even the brightest objects from this class is much more controversial, due to the
expected significant, possibly even dominant, contribution from the accreting matter. The issue of disentangling
the jet and disk emission components at X-ray photon energies is the subject of the following section.
It is important to comment here on the implications of a detected polarization from any extragalactic sources.
Quantum gravity theories predict an energy-dependent photon velocity, and therefore a decrease of the polar-
ization signal emitted by cosmologically distant objects. Currently, the positive detection of polarization from
the Crab nebula provides the strongest limit in this respect, but any polarization detection of an extragalactic
source will enable to revise this limit significantly (see, e.g., Maccione et al., 2008).
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3 Jet-Disk Coupling in Active Galaxies
In non-blazar (‘misaligned’) radio-loud AGN, the observed X-ray spectra may contain a significant contribu-
tion, or even be dominated by the emission from the accretion disk and (more likely) the accretion disc coronae.
The clearest evidence for this is the detection of a neutral, narrow Fe-K fluorescence lines in some systems (see
Fukazawa et al., 2011a, 2014, and references therein). This line is produced by the accretion disc corona illu-
minating distant material (torus), and its presence in the spectrum means that the X-rays from the corona are
not completely swamped by additional X-rays from the jet. Thus in these systems we can simultaneously seen
the accretion disk corona and the radio/γ-ray jet emission. Hence they constitute an exciting opportunity to
investigate the jet-disk coupling, and therefore the jet launching processes, by means of a broad-band X-ray
spectroscopy, hard X-ray/soft γ-ray polarimetry, and timing analysis joint with multiwavelength (γ-ray and
high-resolution radio) observations of the selected bright targets. Yet such an analysis, analogous to what is
routinely done for Galactic microquasars (see, e.g., Fender et al., 2009, and references therein), was hampered
in the past by the fact that the corona and the jet X-ray emission components are not disentangled well in the
majority of cases, with the exception of a few brightest objects.
Two broad line radio galaxies (BLRGs), namely 3C 111 and 3C 120, have been recently the subject of an
extensive monitoring campaign to study the accretion disc-jet coupling (Marscher et al., 2002; Chatterjee et
al., 2009, 2011). It was found that the major X-ray dips in the light curves are followed by ejections of bright
superluminal knots in the radio jets of both targets. Assuming the dominant disk corona contribution at X-ray
frequencies, these observations imply therefore a direct relation between the disk state transitions and the jet
formation process in AGN. On the other hand, Tombesi et al. (2010b, 2012, 2013) presented a comparison of the
parameters of the disk wind and the jet in radio galaxy 3C 111 on sub-pc scales. They found that the superlumi-
nal jet coexists with mildly relativistic outflows and that both of them are powerful enough to exert a concurrent
feedback impact on their surrounding environment. Interestingly, there are several indications suggesting that
the ultra-fast disk outflows in the studied systems might be placed within the ‘X-ray dips/radio outbursts’ cy-
cle as well, providing the necessary pressure support for the efficient collimation and bulk acceleration of the
electromagnetic jet freshly launched from the rotating SMBH/accretion disk system.
Clearly, ASTRO-H observations may enable a qualitative progress in understanding the jet-disk connection
in AGN, as its performance (sensitivity, energy resolution, and energy range) will exceed that of the previously
and currently available X-ray instruments. The particular targets discussed below in this context — the quasar
3C 273, low-power radio galaxy Centaurus A, and luminous broad-line radio galaxy 3C 120 — are all easily
detectable with low- and high-energy instruments onboard the ASTRO-H in relatively short exposures, are often
monitored with milli-arcsec radio interferometers, and are all the established γ-ray emitters. Hence, while the
SXS will constrain precisely the emission and absorption lines in the soft band in those sources, thus providing
a unique insight into the accretion processes, the HXI and SGD will characterize with unprecedented detail
the spectral variability of the targets in the medium and hard bands, which may be next correlated with the
extensive Fermi-LAT monitoring at γ-rays, along with the high-resolution radio data.
3.1 Quasar 3C 273
3C 273 (redshift z = 0.158) is one of the first quasars ever discovered, is particularly radio-loud, and partic-
ularly bright in hard X-rays (Courvoisier, 1998). The broad-band spectrum of 3C 273 is dominated by the
unresolved nucleus, including the accretion disk, disk corona, and small-scale jet. The source can be consid-
ered as a slightly misaligned FSRQ, observed at intermediate angles of about ∼ 10 deg. The extensive X-ray
monitoring of 3C 273 over about 30 years using different instruments established a variability of the source on
the timescales from years (flux changes by a factor of a few/several) down to days (a few/few tens percents;
Johnson et al., 1995; Kataoka et al., 2002; Courvoisier et al., 2003; Chernyakova et al., 2007; Soldi et al., 2008).
The compilation of broad-band multi-epoch spectra reveals in addition that in the hard X-ray regime (above
10 keV, roughly) the characteristic variability timescales are longer and the variability amplitudes are larger
than those in the soft/medium X-ray regime. The X-ray variability properties suggest therefore a presence of
two separate components: one most likely a Seyfert-like, related to the accreting matter, and the other a blazar-
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Figure 7: Simulated SGD lightcurve 3C 273 in two energy channels 80–300 keV (left panel) and 300-600 keV (right panel), with 6 h
binning, assuming a linear correlation of the X-ray flux and the GeV fluxe as detected with Fermi-LAT during the 2009 outburst (Abdo
et al., 2010c).
like jet, produced via inverse-Comptonization of soft photons by low-energy electrons. This idea is in accord
with the fact that the X-ray spectrum of 3C 273 in the soft band is steep (Γ > 2), while it is relatively flat in the
medium and hard bands (Γ ' 1.7 ± 0.2, up to the MeV range). A marginal detection of weak fluorescent Fe
lines in 3C 273 has been reported only in some epochs.
We have simulated the hard X-ray spectrum of 3C 273 observed with ASTRO-H for different exposure times,
assuming the average flux and photon index from the 58 month Swift-BAT catalog, namely Γ = 1.73 and
F14−195 keV = 4.3 × 10−10 erg cm−2 s−1. The spectrum is characterized well in a broad energy range with ex-
posures as short as 30 ks, for which the joint HXI and SGD fit returned Γ = 1.732 − 1.743, F5−80 keV =
(3.43 − 3.47) × 10−10 erg cm−2 s−1, and F40−600 keV = (5.69 − 5.85) × 10−10 erg cm−2 s−1. In shorter exposures
3C 273 is still clearly detected, although its spectral properties above 200 keV cannot be accessed robustly. The
Fe line is also easily detectable at the average flux level with the SXS assuming that this is narrow (from the
illuminated torus) rather than from the illuminated inner disc.
3C 273 was established as a high-energy γ-ray source by the EGRET instrument onboard the CGRO (Hart-
man et al., 1999). More recently, continuous monitoring of the source with Fermi-LAT resulted in the detection
of prominent flares at GeV photon energies (Abdo et al., 2010c). This γ-ray emission is widely believed to orig-
inate in the jet, and to constitute the high-energy tail of the inverse-Compton component which first pops-up in
hard X-rays. Hence, simultaneous ASTRO-H and Fermi-LAT observations of 3C 273 may uniquely constrain
the spectral evolution of the radiating jet electrons over a particularly broad range of energies, and on short
timescales which have been never probed before at hard X-rays in this source or, in fact, in any blazar. We
note in this context that 3C 273 is much more prominent in X-rays than even the brightest FSRQs (in their
quiescence), since even though the jet emission in FSRQs is more significantly beamed due to their small jet
inclinations, they are more distant objects.
In order to illustrate this point, we have simulated the SGD light curve of 3C 273 in two energy channels,
assuming a linear correlation of the X-ray flux with the GeV flux as detected with Fermi-LAT during the large
outburst in 2009 (Abdo et al., 2010c). The results are presented in Figure 7. As shown, the SGD observa-
tions will indeed allow for a unique characterization of the hard X-ray variability in the source down to the
timescales of 6 h, with one-to-one comparison between the lightcurves in different X-ray and γ-ray bands. The
jet variability robustly constrained in this way at high-energies may be next juxtaposed with the variability of
the accretion-related soft X-ray continuum probed with the SXS.
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Figure 8: Upper: Simulated broad-band spectrum of Centaurus A with 100 ks exposure, based on the spectral parameters taken from
Fukazawa et al. (2011b), with SXI shown in black, HXI in red, and SGD in green. The fitted model shown with dotted curves includes
the absorbed power-law representing the disk/corona component, the additional power-law related to the jet, and the torus reflection
component. Lower: 6–8 keV SXS simulation of blue-shifted absorption lines in the Centaurus A spectrum for 100 ks exposure. Here
we assumed two absorption lines at 7.0 keV and 7.2 keV with the line width of 25 eV and the normalizations of −5.6×10−5 ph cm−2 s−1.
3.2 Radio Galaxy Centaurus A
The low-power radio galaxy Centaurus A is the nearest AGN (distance of 3.7 Mpc), known for its complex radio
structure and post-merger host galaxy (see Israel, 1998). It is one of the brightest hard X-ray/soft γ-ray emitter
in the sky, detected by all the instruments onboard the CGRO during the period 1991-1995 (see Steinle et al.,
1998, and references therein). More recently, the central regions of Centaurus A have been also resolved with
Fermi-LAT (Abdo et al., 2010d) and H.E.S.S. (Aharonian et al., 2009) at high and very-high energy γ-rays,
respectively. The origin of the observed γ-rays is puzzling: on the one hand, the steep γ-ray continuum seems
to resemble a misaligned blazar component, while on the other hand this continuum joins smoothly with the
X-ray continuum, which is in fact most likely related to the accreting matter in the source; in addition, the TeV
emission seems in excess of the extrapolated GeV continuum, suggesting either a separate spectral component,
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or a non-standard emission spectrum (see the discussion in Abdo et al., 2010d). The broad-band characteristics
of the X-ray emission of Centaurus A are therefore of a particular importance for understanding this archetypal
AGN, and several observational studies have been dedicated in the past to this problem (Evans et al., 2004;
Markowitz et al., 2007; Fukazawa et al., 2011b; Beckmann et al., 2011). For example, based on the variability
analysis from multiple deep Suzaku pointings, Fukazawa et al. (2011b) argued for a dominant jet contribution
only above100 keV; however, the limit of ∼ 250 keV on the energy range of the Suzaku XIS and HXD precluded
any definitive conclusions.
The broad-band coverage and high sensitivity of the ASTRO-H HXI and SGD instruments will allow us to
search for a spectral cutoff in the hard X-ray/soft γ-ray spectrum of Centaurus A, expected in the case of a
dominant disk corona component, to look for polarization signatures around 100 keV photon energies, which
may be expected in the case of a pronounced jet component, and in general to constrain precisely the slope
of the X-ray continuum in the hard X-ray/soft γ-ray range. Figure 8 (left) presents the simulated broad-band
ASTRO-H spectrum of the source in 100 ks exposure (based on the parameters from Fukazawa et al., 2011b).
However, detailed soft X-ray spectroscopy of the target with the SXS are expected to be equally revealing.
First, the Fe-K line in Centaurus A is the second brightest after that in the Circinus galaxy, with the equivalent
of about 80 eV. The SXS can measure precisely the line width and Compton shoulder, which in turn, when
assessed jointly with constraints from the broad-band continuum study of the reflection bump around 50 keV,
will constrain the location and geometry of the neutral reflector in the source.
Second, we note that the presence of the two absorption lines from Fe XXV Heα at E = 6.7 keV (EW'
10 eV) and Fe XXVI Lyα at E = 6.96 keV (EW = 15 eV) was reported in the three Suzaku observations of
Centaurus A performed in 2009 (Tombesi et al., 2014). The lines are detected with a high significance of
> 99.99%. However, due to the limited energy resolution of the Suzaku XIS, these lines were not resolved and
also the outflow velocity of the absorber could not be constrained. Hence the line origin (outflowing wind versus
the extended ionized absorber with no net velocity) remains an open question. Accordingly to our simulations
based on the line modeling with an XSTAR table, the unprecedented energy resolution of the SXS will allow
us to resolve these lines with high accuracy in the exposures as short as 100 ks (see Figure 8, right panel), and
to measure the velocity of the absorber, thus providing robust constraints on the line origin.
3.3 UFOs and Radio-Loud AGN
A systematic analysis of the Suzaku spectra of a small sample of five bright BLRGs performed by Tombesi et
al. (2010a) revealed blue-shifted Fe XXV/XXVI K-shell absorption lines at > 7 keV energies at least in three of
them, namely 3C 111, 3C 120 and 3C 390.3. These lines originate from highly ionized and high column density
gas outflowing with very high velocities, from ∼ 1, 000 km s−1 up to mildly-relativistic values of the order of
40% of the speed of light, which are referred to as ultra-fast outflows (UFOs). Successive studies found similar
outflows also in 3C 445 and 4C+74.26 (Reeves et al., 2010; Gofford et al., 2013). Later, the search for such
absorption lines was extended to a large sample of 26 radio-loud AGN observed with XMM-Newton and Suzaku
(Tombesi et al., 2014). Combining the results of this analysis with those in the literature and correcting for the
number of spectra with insufficient signal-to-noise, the incidence of UFOs in radio-loud AGN was estimated to
be in the range 30-70%. This indicates the presence of complex accretion disk winds in a significant fraction
of sources.
Ultra-fast outflows found in radio-loud AGN are similar to the UFOs reported in > 40% of radio-quiet AGN
(e.g., Tombesi et al., 2010b; Gofford et al., 2013, see the “AGN Winds” ASTRO-H White Paper), suggesting
that any jet-related radio-quiet/radio-loud dichotomy might not apply to AGN winds. The typical location of
the UFOs is estimated to be in the range ∼ 102 − 104 rs from the central SMBH, where rs = G MBH/c2 is the
black hole gravitational radius. The study of UFOs in radio-loud AGN can therefore provide important insights
into the characteristics of the innermost jet launching regions, where the collimation and the bulk acceleration
of initially broad and only mildly-relativistic electromagnetic jets is expected to take place (e.g., McKinney,
2006; Tchekhovskoy et al., 2011; Sa¸dowski et al., 2014).
One of the most relevant and promising targets for exploring the presence and the energetics of the disk
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Figure 9: Left: Simulated 100 ks ASTRO-H broad-band spectrum of 3C 120 in the range 0.5 − 300 keV, corresponding to the state in
which the jet knot is ejected and the inner disk is disrupted (the inner disk radius receds from rin ' rg up to rin ' 38 rg). The SXS
spectrum is shown in black, the SXI in red, the HXI in green, and the SGD in blue. Right: Zoomed SXS spectrum in the Fe K band
(5–8.5 keV).
winds in the particular context of the jet/disk coupling in AGN is the nearby radio galaxy 3C 120 (z = 0.033).
Previous X-ray monitoring of the source, augmented by high-resolution radio data, hint at a close link between
the disk state transitions and the jet formation processes, manifesting as major X-ray dips in the accretion disk
corona lightcurve followed by ejections of bright superluminal knots in the radio jet (see Marscher et al., 2002;
Chatterjee et al., 2009). More recently, Lohfink et al. (2013) presented the in-depth study of the central engine
in the source using a multi-epoch analysis of the deep XMM-Newton observation and the two deep Suzaku
pointings. The authors discussed a composite source model consisting of a truncated/refilling disk during the
Suzaku observations, and a complete disk extending down to the innermost stable circular orbit (ISCO) during
the XMM-Newton observation. The ejection of a new jet knot was observed approximately one month after
the analyzed Suzaku pointings, and Lohfink et al. (2013) argued that this might indicate the timescale for
propagation of a disturbance from the disk into the jet.
The 2 − 10 keV flux of 3C 120 varied over the range 2 − 6 × 10−11 erg cm−2 s−1 in the long-term RXTE
monitoring analyzed in Chatterjee et al. (2009). In our simulations below we therefore assume conservatively
the lowest flux of the target. We consider the combined disk-jet model of Lohfink et al. (2013), in which the
jet X-ray emission is parameterized by a steep power-law with the photon index of 2.5 − 4, while the disk
corona continuum is represented by a power-law component with the photon index of 1.7 − 2.4 with a high
energy cut-off at 150 keV. In the first considered case, the disk extends down to the ISCO. This is modeled in
XSPEC with a relativistically blurred (kdblur) ionized reflection component (reflionx) for the inner disk radius
rin ' rg ' 0.86 × 1013 cm, q ' 7, inclination i ' 15◦, and the ionization ξ ' 200 erg cm s−1; the neutral distant
reflector (pexmon) is included with the reflection fraction R ' 2. In the second case, which is related to the
launch of the jet knot, the inner disk is disrupted and the inner radius recedes to rin ' 38 rg; the relativistic
blurred reflection has now a more standard q value of ' 3.5 and the neutral reflection factor is R ' 0.26. The
ultra-fast outflow with the velocity vout ' 0.161 c was detected by (Tombesi et al., 2014) in this latter state.
The outflow is modeled below with the XSTAR table assuming a turbulent velocity of 3,000 km s−1, ionization
log ξ ' 4.9 erg cm s−1, and column density NH ' 5 × 1022 cm−2. When modeled with an inverted Gaussian
absorption line, this is equivalent to energy E ' 8.23 keV, intrinsic line width of σ ' 110 eV, and EW' −20 eV.
The simulated ASTRO-H broad-band spectrum of 3C 120 in 100 ks exposure, corresponding to the latter state
described above, is shown in Figure 9. The source is detected at high significance with all the instruments
onboard, from 0.5 keV up to 300 keV. This will simultaneously constrain the corona power-law continuum, the
jet emission component, and the neutral/ionized reflection. In particular, the accuracy in the determination of
the power-law slopes, cut-off energy, reflection fraction, and the ionization parameter, will be of 2%, 25%, 10%
and 10%, respectively. In addition, the inner disk radius will be measured with the 15% accuracy. Moreover,
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the presence of the disk wind will be determined by means of the Fe K UFO at the >5σ level. The energy,
width, and the equivalent width of the line will be determined at the 0.5%, 20% and 20% levels, respectively.
Finally, the velocity and ionization of the UFO will be constrained at the 2% and 10% levels, respectively.
These will allow for a direct and truly simultaneous comparison between the activity level of the intermittent
jet, the state of the accretion disk, and the energetics of the disk wind. We note that 3C 120 is systematically
monitored on a daily basis in γ-rays with Fermi-LAT (see in this context Kataoka et al., 2011), approximately
once per week at optical frequencies with KANATA, and roughly in the monthly cadence at radio frequencies
with high and low-resolution interferometers through several projects, such as the MOJAVE or the F-Gamma
projects.
4 Starburst-AGN Connection in Nearby Galaxies
Several nearby galaxies host both a prominent AGN and a nuclear starburst. Disentangling the two emission
components in such sources is essential for constraining their overall energetics, and for understanding galaxy
evolution processes in general. However, this task requires simultaneous, truly broad-band, and high-quality
X-ray spectra, which are rarely available even for the brightest systems. As argued below, this may change
significantly in the near future with ASTRO-H.
Some of the starburst/AGN systems are now also established γ-ray emitters, including the two cases discussed
below, namely NGC 4945 and Circinus galaxy (Ackermann et al., 2012; Hayashida et al., 2013, respectively).
The observed γ-ray emission of such sources is believed to originate predominantly in the starburst regions
via cosmic rays produced by supernova explosions interacting with the interstellar medium. Yet in some cases
the origin of the γ-ray photons detected with Fermi-LAT is an open issue, as for example the Circinus galaxy
appears over-luminous at GeV energies with respect to the expected starburst emission given its far-infrared
and radio luminosities (see Hayashida et al., 2013). The difficulty is, however, that the starformation rate
in this system, estimated from the radio-to-IR data, is rather uncertain, translating to large uncertainties in
the expected cosmic ray luminosity. ASTRO-H observations may help to resolve this problem, which is very
relevant as γ-ray observations are now widely considered as an important, newly emerging window into the
action of starformation processes in the evolving galaxies.
4.1 Circinus Galaxy
The Circinus galaxy, at a distance of ∼ 4 Mpc, hosts a Compton-thick AGN and shows evidence of starburst
activity. It is thus an excellent laboratory for studying the X-ray reprocessor in a heavily obscured system,
as well as studying the interplay between AGN activity and star-formation. The broad-wavelength ASTRO-H
coverage, from the SXI to HXI and SGD, together with the high resolution capabilities of the SXS will provide
unprecedented insight into the obscuring medium, and constrain the relative contribution of photo-ionization
and collisional ionization to the soft X-ray emission.
With the advent of models, such as MYTorus (Murphy & Yaqoob, 2009) that self-consistently treat the effects
of the transmitted, Compton scattered and fluorescent line emission in obscured AGN, we are able to analyze the
X-ray spectrum of Compton-thick AGN in a physically meaningful way. Currently, the most comprehensive X-
ray analysis of Circinus involves simultaneous NuSTAR and XMM-Newton observations (Arevalo et al., 2014),
which included archival Chandra data to model the nuclear only region (3′′) and contamination within the
NuSTAR FOV from an X-ray binary (CGX1) and supernova remnant (CGX2, see Figure 10). The X-ray binary
is highly variable in X-rays: for the best constraints on modeling the AGN emission and details of the X-ray
reprocessor, a simultaneous Chandra ACIS-S observation is required. In combination with coverage from 0.5–
500 keV with ASTRO-H this will provide the best measurements on physically meaningful modeling. This will
enable us to derive constraints on the line-of-sight and global column density, from which we can calculate the
intrinsic X-ray luminosity, extending the bandpass visible by NuSTAR to lower energies (<3 keV) and higher
energies (>80 keV).
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To estimate the low-resolution ASTRO-H spectra of Circinus, we set up models using published fits to archival
data, where the low-resolution SXI spectrum is based on the XMM-Newon fit reported in Massaro et al. (2006)
and the HXI spectrum uses the joint NuSTAR, Suzaku PIN, BeppoSAX and Swift-BAT fit from Arevalo et al.
(2014) as a template. As shown in Figure 11, a 100 ks ASTRO-H observation would provide extremely high
signal-to-noise in the low-resolution spectra. The high-resolution SXS spectrum will enable the Compton-
shoulder around the Fe Kα 6.4 keV line to be modeled, imparting information about the opening angle that
may not be apparent with lower resolution spectra (see the “AGN Reflection” ASTRO-H White Paper). Neither
CGX1 or CGX2 have strong neutral Fe Kα emission (Bauer et al., 2001) and would therefore not contaminate
the nuclear Fe Kα and Compton-shoulder emission.
As depicted in Figure 10, Chandra observations of Circinus reveal that diffuse emission is associated with
the active nucleus as well as an ionization cone extending north-west above the AGN which contributes ∼15%
to the extended emission (Sambruna et al., 2001a). Modeling the circumnuclear and extended diffuse emission
in the low-resolution Chandra ACIS spectra reveals both thermal and non-thermal contributions, where the
observed Fe Kα emission likely results from Compton-scattering of the AGN continuum (Arevalo et al., 2014).
The simultaneous 0.5–500 keV ASTRO-H coverage will enable the starburst contribution to be disentangled
from the AGN component: the 2–500 keV spectrum will allow the tightest constraints on modeling the AGN
continuum, isolating the starburst component at lower energies.
Further details of the relative amount of starburst to AGN activity can be provided by high-resolution spec-
troscopy from SXS. Chandra grating analysis reveals that the circumnuclear emission results from both pho-
toionization and photoexcitation, i.e., reprocessed AGN emission rather than star-formation (Sambruna et al.,
2001b). As shown in Figure 12, a 100 ks ASTRO-H observation, based on the Chandra and XMM-Newton
modeling of the circumnuclear region (Massaro et al., 2006), will provide a spectrum with high signal-to-noise
in the emission lines. Using diagnostics such as the radiative recombination continua (RRC) and the ratios of
forbidden ( f ), inter combination (i), and resonance (r), lines in the OVII triplet, gives the relative amount of
photoionization and collisional ionization. For instance, a narrow RRC feature indicates that the plasma is pho-
toionized (Liedahl & Paerels, 1996) while the ratio G = ( f + i)/r exceeds 4 in photo ionized plasma and is ∼ 1
30"
CGX2
CGX1
Figure 10: Chandra ACIS image of Circinus, where the green circle indicates the nucleus and the cyan circles show strong X-ray
point sources that will contribute to the emission observed by ASTRO-H. Diffuse emission from the circumnuclear starburst ring and
the north-west ionization cone is also visible.
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Figure 11: Simulated low-resolution 100 ks ASTRO-H spectrum of Circinus (SXI shown in black, HXI in red, and SGD in green) based
on the modeling by Massaro et al. (2006), Arevalo et al. (2014), and Yang et al. (2009).
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Figure 12: Left: Simulated 10 ks SXS spectra of Circinus, where the black spectrum is based on the XMM-Newton RGS fit and the
red spectrum is based in the Chandra HETG fit presented in Massaro et al. (2006). Right: Close-up of the OVII RRC and OVIII
RRC features which will be prominent in a 100 ks observation. The widths of these lines will diagnose the relative starburst to AGN
contribution to the observed X-ray emission.
when collisionally ionized (Porquet & Dubau, 2000). Based on the XMM-Newton RGS spectra of Circinus, the
OVII RRC (0.739 keV) and OVIII RRC (0.899 keV) features will be prominent in a 100 ks SXS observation, as
shown in Figure 12 (right). The plasma diagnostics that can be studied with SXS will represent an improvement
upon previous HEG and RGS analysis.
4.2 NGC 4945
NGC 4945 is the brightest radio-quiet Seyfert 2 in hard X-rays (Done et al., 1996), as well as the closest bona
fide Compton-thick AGN (Iwasawa et al., 1993). It lies in a nearby (distance of 3.7 Mpc) edge-on spiral galaxy
with a highly obscured nucleus containing a composite starburst/AGN system (Moorwood & Oliva, 1994).
The nucleus also appears to be obscured at mid-infrared wavelengths (Krabbe et al., 2001; Asmus et al., 2014;
Gandhi et al., 2014), with the starburst being energetically dominant over the full optical and infrared regime
(Moorwood et al., 1996; Goulding & Alexander, 2009). A starburst ring ∼ 200 pc in diameter has been imaged
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Figure 13: Direct imaging of the core of NGC 4945 with Chandra (red: 0.3–2 keV is dominated by extended emission, presumably
associated with the starburst; green: 2–10 keV emission is associated with the reflector). Note that the reflector is resolved. The field
of view is 1 arcmin on a side (Credit: Marinucci et al. 2012).
in the system (Marconi et al., 2000). At subarcsecond scales, a compact radio source is detected, along with
a 5 pc–long jet (Elmouttie et al., 1997; Lenc & Tingay, 2009). A megamaser is known to exist in the nucleus,
and VLBI mapping has determined a black hole mass of 1.4 × 106 M (Greenhill et al., 1997). NGC 4945 was
also detected with Fermi-LAT (Ackermann et al., 2012). Although the origin of the observed γ-ray emission is
not fully resolved, the detected GeV flux is consistent with expectations from starburst emission.
Despite its proximity, NGC 4945 remains one of the least understood of Compton-thick AGN. It is the best
example of only a handful of Compton-thick AGN known to vary strongly above 10 keV. This variation implies
that scattering from circumnuclear clouds does not completely suppress the direct component at hard X-ray
energies which, in turn, argues in favor of a small covering factor of the circumnuclear ‘torus’ (Madejski et al.,
2000). This has been confirmed from broadband spectral analyses in a number of studies (e.g. Itoh et al., 2008;
Yaqoob, 2012; Puccetti et al., 2014). Direct imaging with Chandra has resolved the reflector around the nucleus
and found it to be located at large nuclear distances (∼ 30 pc) rather than being associated with a classical sub-
pc scale torus (Marinucci et al., 2012). This is shown in Figure 13. Clumpy reflecting clouds appear to be
mixed in with the extended starburst ring. A Chandra/HEG observation has found a broad component to the
Fe Kα line at a full-width-half-maximum (FWHM) of 2780+1110−740 km s
−1 (1-σ uncertainty; Shu et al. 2011). As
discussed by Yaqoob (2012), this broadening may be related to the spatial extent of the line, and the presence
of a classical sub-pc scale torus has not been definitely established in NGC 4945; if it exists, it appears to be
geometrically-thin, a unique property amongst the nearby Compton-thick AGN.
The source shows accretion episodes with luminosities of up to at least 30% of the Eddington luminosity
(Puccetti et al., 2014). This is a factor of about 10 larger than the mean Eddington rates inferred for the local
Swift-BAT AGN population (Vasudevan et al., 2010). It is unknown whether the Compton-thick obscurer on
large scales is providing the fuel necessary for this growth, or whether strong radiative feedback is responsible
for driving away matter and rendering the torus geometrically-thin and clumpy. The high energy cut-off (Ecut) to
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Figure 14: ASTRO-H simulation of NGC 4945 with 150 ks of exposure, assuming the median flux model M from the NuSTAR ob-
servation reported in Puccetti et al. (2014). The counts spectra for SXS, SXI, HXI and SGD are shown on the left, and the model is
shown on the right, in FE units. The model includes three thermal components at soft energies, a power-law intrinsic continuum and
two decoupled MYTorus components (edge-on and pole-on) for the Compton-thick absorber/reflector. A simple absorbed power-law
(Γ = 2.2; not shown) can describe the contribution of contaminating sources within the host galaxy at the level of 50% of the 4–6 keV
flux. These contaminants display no Fe line emission.
the direct power-law which can constrain the shape of the intrinsic continuum has not yet been securely detected
in NGC 4945. Using NuSTAR, Puccetti et al. (2014) determined a loose constraint on Ecut = 190+200−40 keV in
a high flux state, but could only place lower limits of 200–300 keV on Ecut in median and low flux states. It
remains to be determined whether Ecut is dependent upon source flux. Note that these lower limits lie beyond
the energies that can be easily constrained with Swift-BAT.
The unknown coronal properties at hard X-rays and poorly understood reflector properties at soft energies
make NGC 4945 an ideal target for broadband observations with ASTRO-H. The high resolution spectroscopic
capability of SXS will allow resolved measurements of the iron line fluxes and widths, and can provide the
first constraints on the profile shapes. From the broadest component of the Fe Kα line, the SXS will locate
the distance (r) of the innermost reflector, which can be compared with torus models. This will give a direct
answer to the question of whether a classical sub-pc Compton-thick torus exists in NGC 4945 or not. Grating
spectrometer observations from the Chandra/HEG cannot distinguish spatial broadening of lines from spectral
broadening. The 5 eV spectral resolution of SXS will allow searches for sub-structure to within 1/10th the line
width of about 2800 km s−1 inferred from HEG observations by Shu et al. (2011), and so will quantify the
strength of any single broad profile due to the inner torus vs. broadening due to the extended reflector.
In addition, the SXS will shed light on the power source of the ionized lines as due to either a collisionally-
ionized or photo-ionized plasma, by measurement of ionized line ratios. If the reflector itself is strongly photo-
ionized, this may partly explain the low reflection fraction. With regard to the low covering factor of the
reflector, this could be related either to torus clumpiness or to a geometrically-thin configuration, or a combi-
nation of the two. The iron line profiles will constrain the geometrical distribution of the reflector. The Fe Kα
and β lines will determine the ionization state. Combined with the reflector location, the ionization parameter
(ξ = L/nr2), and hence density (n) can be determined. Clumpiness can then be constrained by combining the
observed line luminosity, n and column density (NH = nr).
Measurement of the iron line central energies and line profiles will constrain torus kinematics. If there is
significant radiative feedback as a result of the high Eddington fraction, this may affect the matter distribution
on large scales, e.g. resulting in an outflow. Recently, interferometric observations have revealed dusty outflows
in mid-infrared emission (Ho¨nig et al., 2013). Dust velocities cannot be measured in the mid-infrared though
these are expected to be similar to warm absorber velocities of several hundred km s−1. If the dust is entrained
with the X-ray–fluorescing gas, iron line kinematics will directly measure the outflow velocities. Although
some constraints on the line kinematics are available from the Chandra/HEG analysis by Shu et al. (2011), these
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Figure 15: Left: Zoom-in on the iron line complex including neutral Kα, Kβ and the ionized lines for the 150 ks broadband simulation
shown in Figure 14. The narrow line components are assumed to have intrinsic widths (full-widths-at-half-maximum; [FWHM]) of
100 km s−1, as may be expected on extended (∼ 30 pc) scales where the bulk of the reflector is seen to be located with Chandra
(Marinucci et al., 2012). In addition, a potential underlying broad component simulating fluorescence from the walls of the inner torus
(whose existence is uncertain thus far), has been included as a MYTorusL (fluorescence) component smoothed with a Gaussian of
FWHM = 2800 km s−1 and normalized to contain half of the total Kα line flux. This inner torus emission can clearly be distinguished
from the narrower extended components in Kα. The most prominent Kα and β model components are shown as the dotted lines. Right:
The best spectral resolution data on the iron complex available until now (Chandra High Energy Grating observation of NGC 4945, as
reported by Shu et al. 2011).
are based on single Gaussian fits to the entire Kα complex and include the narrow doublet, Compton shoulder
and any underlying broad component. The SXS will enable deconvolution of these various components and
allow much better constraints on the kinematics. Finally, and importantly, ASTRO-H will provide a sensitive
measurement of the intrinsic continuum shape, especially the high energy cutoff.
We simulated a 150 ks exposure with ASTRO-H, assuming the model parameters of the median flux state
NuSTAR observation reported by Puccetti et al. (2014). The latest instrument responses available on the
astroh-cal wiki page as of May 2014 were employed. This model includes three thermal components to
account for emission from the superwind known in this system (Schurch et al., 2002), and a direct power-law
of photon-index Γ = 1.88 obscured by a column density NH = 3.6 × 1024 cm−2. The torus reflector is modeled
with the MYTorus code (Murphy & Yaqoob, 2009) with decoupled transmission and scattering normalizations
to account for the source complex emission properties (e.g. clumpiness, non-solar abundances etc.), resulting
in an effective covering fraction of 0.16. Additional emission from Fe XXV is also included, as reported by
Puccetti et al. (2014). The result is shown in Figure 14, and a zoom-in on the Fe complex is shown in Figure 15.
The SXS will clearly measure the Fe line central energies and widths. Towards the red side of the Fe Kα
line, the Compton shoulder will be easily detectable and will shed light on the origin of the iron fluorescence
emission as either reflection or transmission. Previous high spectral resolution observations with Chandra’s
High Energy Grating are also shown in the figure. The simulated SXS spectrum has far superior sensitivity to
the Chandra data in terms of both line detection as well as characterization.
The origin of the broad component is unclear from the Chandra data, and one promising origin may be
in an inner torus reflector characterized by line velocities similar to the Broad Line Region. In order to test
whether such a component can be separated from the narrow components, we added in a broad component
with FWHM = 2800 km s−1 to the baseline model inferred from NuSTAR. This was simulated using a smoothed
MYTorusL fluorescence spectrum. The normalization of this inner torus broad component is taken to be half
of the total Fe Kα line flux (Marinucci et al. 2012 estimated that about half of the Fe line seen with Chandra
may be spatially unresolved). As shown in Figure 15, the inner (broad) and outer (narrow) torus reflection
components can be clearly distinguished. The fractional error on the FWHM of this broad component when
fitting the simulated spectrum is ≈ 0.13, i.e. 13% of the assumed intrinsic FWHM, which is 350 km s−1 (90%
confidence). The observation will be sensitive enough to detect the presence of sub-structure in addition to any
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Figure 16: Confidence contours for a fit to the refection fraction and Ecut for the simulated 150 ks exposure of NGC 4945, assuming
Ecut = 400 keV. The contours are for ∆χ2 changes corresponding to 68%, 90% and 99% confidence, for two parameters of interest. Ecut
can be constrained well beyond energies constrained thus far.
single broad component.
The ionized line around 6.7 keV is also apparent in the spectrum, with the resonance, forbidden and inter-
combination lines all potentially resolvable if the velocity spread is low. Flux ratios between these lines can
distinguish between collisionally ionized and photo-ionized plasma, and thus shed light on the connection be-
tween the AGN and starburst emission. Finally, the Fe edge and Ni Kα (latter not shown) are also detectable
and will place important constraints on elemental abundances.
The combination of HXI and SGD will constrain Ecut to higher energies than possible before. The MYTorus
model above does not include a high energy cutoff. So, in order to simulate the cutoff, we approximated the
continuum above 10 keV as a combination of the absorbed power-law from Puccetti et al. (2014) and a pure
reflection PEXRAV component. Such a model was found to be fully acceptable in the Suzaku analysis reported
in Itoh et al. (2008), with a reflection fraction (defined as the ratio between the normalizations of the reflector
and the intrinsic power-law) of 3 × 10−3. We simulated various values of Ecut. Note that Ecut can be sensitive
to calibration uncertainties, especially the cross-normalization between HXI and SGD, so we included a 10%
systematic uncertainty in the SGD simulation, as a conservative approximation of our ignorance of such extra
uncertainty. Figure 16 shows the result of the constraints on the cutoff when Ecut = 400 keV is assumed for
the input spectrum. The figures shows joint confidence intervals for the reflection fraction and Ecut. It is clear
that Ecut will be significantly constrained despite the degeneracy with the reflection component. If the source
happens to be caught in a high flux state with a much harder power-law slope, as in the Suzaku observation of
Itoh et al. (2008) where Γ = 1.5 − 1.6 was measured, the confidence interval on Ecut will shrink substantially.
These improvements over previous data are a consequence of the fact that NGC 4945 is the brightest hard X-ray
Sy 2 in the sky, and is thus ideal for SGD observation.
The nucleus of NGC 4945 is the brightest point source in the field above 2 keV. The brightest nearby ULX
lies at angular distance of approximately 1 armin from the nucleus (Walton et al., 2011) and has an observed
0.2–12 keV luminosity about 10 times lower than the other components (thermal emission and AGN reflection)
modeled by Puccetti et al. (2014) in Suzaku and NuSTAR data. Some other binaries within the central few
tens of arcsec contribute at most 50% (combined) of the Suzaku flux (Puccetti et al., 2014). But importantly,
their spectrum can be represented as simple absorbed power-law (Γ = 2.2) and they show no evidence of
Fe line emission. Therefore, they will not contaminate the detailed analysis of the iron line properties to be
carried out with SXS, and simultaneous Chandra/XMM-Newton observations are not critical with ASTRO-H.
A short (∼ 10 − 20 ks), strictly simultaneous NuSTAR observation can be considered in order to mitigate the
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effect of unknown absolute calibration uncertainties in the early part of the ASTRO-H mission. This may prove
worthwhile given the strong hard X-ray variability of the source. The NuSTAR flux can be used to anchor the
HXI flux, thus removing one degree of freedom from the instrumental cross-normalization uncertainties.
5 A Space for New Discoveries with ASTRO-H
The hard X-ray/soft γ-ray sky is still a poorly explored territory due to limited sensitivities of previous and
current instruments operating in this range. On the other hand, non-thermal processes in various types of both
transient and steady sources manifest (most) clearly in exactly this domain. In this section some selected topics
dealing with non-thermal phenomena in hard X-rays are discussed briefly, to emphasize the space for new
discoveries with hard X-ray instruments onboard the ASTRO-H.
5.1 Tidal Disruption Events
As an example of a source class that may provide surprises as well as crucial information when observed with
ASTRO-H, we now consider the so-called “tidal disruption events” (TDEs; see Gezari et al., 2009; Saxton &
Komossa, 2012, for recent reviews). Two of the observational “clues” often referred to in current scenarios for
how and when supermassive black holes grow and possibly interact with their host galaxies are (i) the amounts
of AGN (black hole accretion) activity and star formation activity in the Universe appear to evolve in the same
manner as a function of time, and (ii) today there appears to be a correlation, the M − σ relation, between
the central velocity dispersion of a massive galaxy and the mass of supermassive black hole that always seems
to be found at its center. While we can come up with plausible models and even computer simulations for
supermassive black hole evolution that are consistent with these clues, the bottom line remains that we still
cannot deal confidently with the relevant physics. Moreover, the clues themselves may not be quite right: we
may still be missing significant star formation and black hole activity due to obscuration, black hole growth
can be intrinsically dark (due to low radiative efficiency or the importance of black hole-black hole mergers),
and the M −σ relation shows significant scatter and is based on a relatively small sample of systems. For these
reasons, an accurate, theorist-independent, census of supermassive black holes and their activity (“black hole
demographics”) is still a holy grail, especially now that we realize that supermassive black holes can release
enough energy to radically alter their surroundings (“feedback”). Cutting through obscuration using hard X-ray
observations or measuring black hole mass and spin by constraining the size of the innermost stable orbit via
lower energy X-ray observations, e.g., by the SXS, are discussed extensively in the “AGN Reflection” ASTRO-
H White Paper. None of these approaches help, however, if the supermassive black hole is simply shut off, i.e.,
not accreting or radiating strongly – which is actually the case most of the time given the rarity of AGN activity,
especially at redshifts z < 1.
Tidal disruption events, once properly understood, offer a potentially powerful way to make progress on the
black hole demographics problem. Even if a supermassive black hole, like the one at the center of our galaxy,
is presently starved of gas, there is a non-zero chance that a star orbiting in the host galaxy nucleus will get
scattered onto an orbit that takes it very close to the black hole. If the star gets close enough (crossing the tidal
disruption radius), the tidal force on the star due to the black hole’s gravity overwhelms the self-gravity of the
star, shredding it and sending a significant fraction of its mass into the black hole on a timescale of months
according to current estimates. Since a mass accretion rate ∼ 1 M yr−1 corresponds to that of a powerful
quasar, a tidal disruption event should be a fairly obvious and unambiguous signature of the presence of a
supermassive black hole – if we happen to be looking at the right time. Unfortunately, while tidal disruption
effects may be dramatic, they are also rare. The rate at which stars scatter into the black hole depends sensitively
on the dynamical state of the host galaxy nucleus, but it is estimated to 1 per 104 to 106 years (Merritt & Wang,
2005; Vasiliev & Merritt, 2013). In other words, if we hope to see one disruption event in a year, we need
to monitor at least one million galaxies on at least ∼month timescales. This is still a tall order, indeed an
impossible one for a narrow field-of-view instrument like ASTRO-H, but it is one that is becoming increasingly
feasible given the advent of increasingly sensitive large-area surveys. Already the reports of TDE candidates
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are a few per year, and the arrival of LSST at the tail end of the ASTRO-H mission could boost that rate to & 100
per year if our current understanding of TDEs is correct.
While ASTRO-H may not be able to find TDEs, it can play a key role in confirming that a candidate event is
a TDE and then helping to unravel the astrophysics of the event using its broadband suite of instruments. As
evidenced by the long debate over the starburst vs. black hole origin of AGN activity, the fact that supernova
searches studiously avoid the centers of galaxies, and that luminous blue variable stars like Eta Carinae instead
tend to be found near centers of galaxies and can flare by many magnitudes on the timescale of years, it is
actually quite easy to confuse processes related to stars with those arising from black holes. The arguments
usually end, however, with the detection of intense hard X-ray (> 10 keV) flux that also varies rapidly on ∼ hour
to day timescales. As the most sensitive hard X-ray telescopes operating, NuSTAR and ASTRO-H therefore have
an important role to play. Indeed Figure 17 shows two recent (and unexpected!) examples of TDE candidates
where hard X-ray measurements played a key role in arguing for a supermassive black hole origin of the
emission. The event SWIFT 1644+57, in fact, was originally discovered as a gamma-ray burst (which then
refused to fade, see Levan et al., 2011; Bloom et al., 2011, for more discussion of this source). For that object,
not only would ASTRO-H have seen a strong signal in all instruments, allowing it to measure and track the
shape of the high-energy spectrum much better than Swift (particularly at energies above 100 keV, where a
cutoff might start becoming visible), but for the first few days, the source was so bright (∼ 10−9 erg cm−2 s−1)
that SGD would either measure or strongly constrain the polarization of the high-energy flux, in turn placing
important constraints on the physical emission mechanism. Given that supermassive black holes are known
to produce powerful relativistic jets, in retrospect the detection of a TDE at ∼MeV energies might not be so
surprising, despite the standard prediction for TDE events that their emission peaks at the energies typical of
an optically thick AGN accretion disk, at UV to soft X-ray energies. Even if most TDEs follow the standard
prediction, essentially every black hole system we know of has coronal X-ray emission that also excites atomic
features such as iron fluorescence lines. Given that within 100 Mpc of us, there are over 50,000 known galaxies
and probably more unknown that have not had their redshifts measured yet, the odds of having a bright, nearby
TDE occur during the ASTRO-H are not small. In this case, prompt and repeated observations by ASTRO-H’s
instrument suite, including the SXS, can uniquely help us track and probe the response and evolution of the
inner accretion flow through a large change in mass accretion rate. Not only may TDEs turn out to be key
probes of black hole demographics, but well-observed TDEs may also represent some of the best laboratories
to probe AGN accretion physics. The analogs of state transitions in stellar mass black holes, if they occur at all
for AGN, would take ten of thousands to millions of years if we simply scaled by mass from the ∼ month-year
timescales for stellar mass black holes. In the case of a TDE, however, a star on a plunging orbit that then
disrupts close to the black hole can deliver gas much faster to the black hole, circumventing the need for gas to
move (slowly) through the outer parts of the accretion disk.
5.2 High-redshift Blazars
The discovery of bright (mostly radio-quiet) quasars at the redshifts z ∼ 6 and beyond (Fan et al., 2006; Willott
et al., 2010; Mortlock et al., 2011) implies that SMBHs with masses ≥ 109 M were already assembled and fully
developed when the Universe was less than 1 Gyr-old. The mechanism by which such systems formed during
the first Gyr after the Big Bang is currently debated. In addition to this, the all-sky Swift-BAT survey identified
about 10 luminous blazars at redshifts greater than 2. Although accessing the energetics of jets (as well as
black hole masses) in blazar sources is rather model-dependent, the high-z blazars detected by BAT seem to be
particularly powerful and produced by particularly massive black holes accreting at Eddington rates (Ghisellini
et al., 2011, 2013). Importantly, the number of such objects can be used to constrain the parent population of
jetted AGN in the early Universe in general. As discussed in Volonteri et al. (2011), a comparison between the
high-z blazar sample and quasars detected in the Sloan Digital Sky Survey (SDSS), indicates a serious deficit of
‘misaligned’ radio-loud AGN at z > 3. Possible explanations for this disagreement elaborated in Volonteri et al.
include lower bulk Lorentz factors of high-redshift quasar jets when compared with their low-redshift analogs,
or the incompleteness of the utilized SDSS sample. ASTRO-H can contribute to the study of high-z blazars by
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Figure 17: Upper left panel: Light curves at multiple energies for the unusual TDE candidate, SWIFT 1644+57 (Levan et al., 2011).
Note the high flux at hard X-ray energies, particularly at the beginning of the burst. Lower panel: A snapshot of the spectral energy
distribution of SWIFT 1644+57 and possible emission models to explain it, adapted from Bloom et al. (2011). The broad energy
coverage provided by the ASTRO-H instruments (shown by the red, green, and blue horizontal bars) would play an important role in
constraining possible emission mechanisms, particularly by measuring or placing lower limits on the cutoff energy of the high-energy
peak. Upper right panel: Light curves, adapted from Cenko et al. (2012), for another “high-energy” TDE candidate, SWIFT 2058+05,
that appears similar to SWIFT 1644+57. This event was found not long after SWIFT 1644+57, indicating that events of this type may
actually not be that rare.
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Figure 18: Broad-band spectral energy distribution of the z = 2.345 blazar 2149–306, along with the spectral model fit (blue curve)
adopted from Ghisellini et al. (2010). In addition, the green and red curves illustrate the source spectrum shifted to the redshifts z = 4.5
and 8, respectively. The HXI and SGD sensitivity curves corresponding to the 100 ks exposure are shown as thick black lines.
means of a detailed spectral characterization of their broad-band X-ray continua, allowing for a precise insight
into the source energetics (see Figure 18; see also in this context Sbarrato et al., 2013, for the recent NuSTAR
results). It is important to note here that the majority of the discussed objects release the bulk of their radiative
power at MeV frequencies, and as such are particularly luminous in hard X-rays; moreover, luminous blazars
are often characterized by flat or very flat hard X-ray spectra (photon indices Γ < 2, see Sikora et al., 2009).
5.3 Non-thermal Emission of Novae
A nova eruption is a thermonuclear runaway on the surface of a white dwarf that ejects much of the hydrogen-
rich envelope that the star has accreted. Many novae have been detected in the 0.5–10 keV band as sources
of optically-thin, collisionally-excited thermal plasma emission (Mukai et al., 2008). This indicate that shocks
are ubiquitous in novae. The recent discovery of GeV emission first from V407 Cyg (Abdo et al., 2010a) and
subsequently several others with Fermi-LAT indicates that nova shocks are also capable of particle acceleration.
In addition, the detection of apparent synchrotron emission in the radio (see, e.g., Rupen et al., 2014) in some
novae is further evidence for a population of accelerated electrons. We will gain a better understanding of the
accelerated particles in nova shocks if we can detect and characterize the associated hard X-rays. This has so far
only been claimed in one nova, V2491 Cyg (Takei et al., 2009), using non-imaging Suzaku HXD/PIN data, but
this erupted shortly before the launch of Fermi, so there is no constraint on its GeV emission. If a sufficiently
bright nova is discovered during the ASTRO-H era, particularly one that is detected with Fermi-LAT, it will be
an excellent target for ASTRO-H HXI observation for this possible non-thermal hard X-ray component, while
the SXS will be able to provide an in-depth characterization of the thermal X-ray emission.
5.4 Unidentified Hard X-ray/soft γ-ray Sources
COMPTEL instrument onboard the CGRO provided the first complete all-sky survey in the energy range 0.75
to 30 MeV. The First COMPTEL Catalogue includes 32 steady sources and about 50 transients; among the
continuum sources are spin-down pulsars, XRBs, supernova remnants, interstellar clouds, AGN, gamma-ray
bursts, and solar flares (Scho¨nfelder et al., 2000). The third IBIS/ISGRI catalog, based on > 40 Ms observations
performed during 3.5 yrs of the INTEGRAL operation, includes > 400 sources detected in the 17–100 keV range
(Bird et al., 2007). Finally, the Swift-BAT 70-month survey has detected 1171 hard X-ray sources in the 14–
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195 keV band down to a significance level of 4.8σ, associated with 1210 counterparts including various types of
AGN, clusters, cataclysmic variables, pulsars, stars, supernova remnants, and XRBs (Baumgartner et al., 2013).
Thus, the hard X-ray/soft γ-ray sky is crowded indeed, being populated by a variety of high-energy emitters.
Among these, some sources still remain to be identified, and many to be characterized precisely (regarding their
spectral and timing properties) at > 10 keV photon energies. This constitutes a space for potential new exciting
discoveries with the high-energy instruments HXI and SGD onboard the ASTRO-H in the near future.
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